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1. Introduction 
B~rub~, the major degradation product of heme, 
is excreted by mammalian liver cells as mono- and di- 
/3-glycosidic esters with glucuronic acid (fig.l), glucose 
and xylose [l--S]. None of these conjugates has been 
isolated in pure form, while previous attempts at their 
chemical synthesis have failed 16-81. Esterification of 
unprotected glucuronic acid with bilirubin diimidazole 
yielded a mixture of non C-l -glururonides [6 J. Depro- 
tection of biliverdin or bilirubin 10acyl ally1 2,3,4- 
tri-O-allyl-D-glucopyranuronates resulted in degrada- 
tion of the tetrapyrrole chromophores [8]. 
The present report describes the first successful 
synthesis of biliverdin and bilirubin glucuronides. 
Compound 1, an acetal derivative of glucuronic acid 
[9], and bilirubin diimidazole [6,8] served as key 
starting materials (fig.2) for the reaction sequence 
outlined below. The mild acidic conditions used for 
removal of the acetal groups prevent base-catalyzed 
migration of the 1 U-acyl group to positions 2,3 and 
4 of glucuronic acid [3,4], but necessitate oxidation 
of intermediate bilirubin esters to biliverdins ince 
bilirubins disproportionate r adily into a mixture of 
the isomers-IXol, -XIIIar and -111~~ (A-CH1-B, A-CH*-A 
and B-CH,-B, flg.1) [lo]. 
Bilirubin diimidazole -> Bilirubin -----+ 
f esterification l-O-acyl esters oxidation 
compound 1 
B~iverdin esters > Biliverdin glucuronides ------+ 
acid hydrolysis reduction 
Bilirubin glucuronides -S Azodipyrrole glucuronides 
diazonium cleavage 
R’OaC COaR2 COOR’ 
o$$-$~ R (cqCHaCo+QZ R,o~oH 
I I 2l I 
H H 
U m 
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R = bilirubin residue R’ = CHMeOEt 
F&l. Bilixubin, R’ = R2 = H. Bilirubin diglucuronide, 
R’ = R* = ~-Dglucopyran~onic acid. Bilirubin monoghzcuro- 
nide, R’ = @-Dglucopyranuronic acid, R* = H or vice versa. 
Fig.2. Bilirubin diimidazole, with propionic acid side chains 
activated, and compound 1, an acetal-protected erivative of 
ghzcuronic acid. 
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2. Methods and results 
2.2.1. Procedure 
A solution of 50 mg compound 1 [9] and bilirubin 
diimidazole [6,81, prepared from 10 mg of bilirubin, 
in 1 ml ethanol-free chloroform was evaporated and 
the residue was heated at 75°C for 50 mm (dark, 
vacuum), cooled and dissolved in 10 ml dichloro- 
methane. The solution was shaken with 10 mg DDQ 
(freshly dissolved in 10 ml water) for 2-3 min, 
washed with water (5 X 10 ml) and evaporated. The 
residue was hydrolyzed (22”C, 30 min) with 1 ml 
acetic acid and 0.25 ml 0.1 M HCl; reagents were 
evaporated at 22°C in vacua. The major reaction 
products, biliverdin mono-u-, mono& and dii\;O- 
glucuronides, were isolated by thin-layer chromatog- 
raphy (for RF-values see table 1) on silica gel with 
solvent system A (CHCl~-MeOH-H~O-HOAc 
100:50: 10: 1; elution with MeOH-HOAc 3: 1). Yields 
mentioned in table I were calculated from A376 (maxI 
and AGe6 u,,axI, assuming E = SO 800 and 14 400 as 
for biliverdin [ lo]. 
2.1.2. characterization 
A reference mixture of biliverdin mono-& and di-P- 
glucuronides was prepared by oxidation of the natural 
bilirubin &glucuronides with DDQ. The slower moving 
P-anomer of synthetic biliverdin monoglucuronide and 
the synthetic biliverdin di-@glucuronide co-chromato- 
graphed with the reference biliverdins. Dissolution of 
the faster moving cu-anomer of biliverdin monoglucuro- 
nide in water (pH 6-7) or omission of acetic acid from 
TLC solvents gave rise to migration of the o-l-0acyl 
group and formation of biliverdin 20acylglucuronide. 
This compound moved as a third band (RF 0.30) below 
biliverdin monoa! and fl-glucuronides and yielded the 
known azodipyrrole 2U-acyl~ucuronide methyl ester 
[3] after NaCNBH3 reduction, diazonium cleavage and 
treatment with diazomethane (for procedures see 
below under Synthesis of bilirubin glucuronides). 
‘H NMR spectra of 1: I anomeric mixtures of bili- 
verdin mono- and diglucuronides (obtained by large- 
scale TLC separation) were recorded in ~2H~DMSO- 
[2H]HOAc (5:l) solutions with a Varian XL 100 
spectrometer. Signals for the anomeric protons were 
observed as doublets at 6 5.40 (P-form, J1,2 = 7 Hz) 
and 5.98 (o-form J 1 3 = 2.5 Hz). Other signals were 
due to the ring protons of the sugar (6 3.1-4.1) and 
to various protons of the biliverdin moiety: methyl 
groups (S 2.1 I and 2.17), propionic side chains 
(S 2.95) and C-5 and C-15 methine protons (S 6.12). 
Hydrolysis with &$.tcuronidase was performed as 
described for azodipyrrole glucuronides [ 1 I]. After 
incubation (pH 5.2,37*C, I-2 h), bihverdins were 
extracted by addition of glycine-HCl buffer (pH 1.8) 
and butanol, and assessed by TLC using solvent 
system A (table 1). Biliverdin mono-/3-glucuronide 
was hydrolyzed completely, whereas the mono-o- 
glucuronide resisted the action of the enzyme. Treat- 
ment of biliverd~ di~~lucuronide yielded bihverdin, 
biliverdin mono+glucuronide and biliverdin dia- 
glucuronide (-1:2: 1 ratio, table 1). 
Alkaline hydrolysis of biliverdin glucuronides was 
carried out in 0.1 M NaOH (dark, argon). After 1 h 
the solutions were acidified with glycine-HCI buffer 
(pH 1 .S) and extracted with butanol. The extract was 
evaporated in vacua and the residue dissolved in acetic 
acid. NaCNBH, was added and bilirubin extracted by 
addition of chloroform and water. The IIIcr/IXa/XIIIcu 
isomer composition of the isolated bilirubin was deter- 
Table 1 
Properties of bihverdin and biliiubin mono- and di-I-U-acyldc and 
p-Dglucopyranuronic acids 
Biliverdin glucuronides isolated by TLC BVMGo( BVMG@ BVDG 
Yields (based on b~rub~~ 
RFvalues (solvent system A) 
RFvalues of bilirubin reduction products 
Hydrolysis products with pglucuronidase 
6% 6% 18% 
0.36 0.33 0.13 
0.50 0.46 0.12 
BVMGor BV BV 25% 
BVMGo! 54% 
BVDG 21% 
Abbreviarions: BV, biliverdin; BVMG, biliverdin monoglucuronide; BVDG, b~verdin 
diglucuronide 
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mined by TLC (CHCla-HOAc 99: 1) [lo] and was 
similar (2.5:91:6.5) to that of the starting bilirubin 
(Merck, 2.5:92:5.5). 
2.2. Synthesis of bilirubin glucuronides 
Purified biliverdin mono+, and mono-& and di& 
glucuronides (0.1-l mg) in HOAc-iPrOH (1:9) were 
shaken with NaCNBHa (l-3 mg) for l-3 min. When 
kept in the presence of this reagent, the resulting solu- 
tions of bilirubin glucuronides can be stored (O’C, dark) 
for prolonged periods of time without deterioration, 
i.e. oxidation or dipyrrole exchange as shown by TLC 
of bilirubin monoglucuronides. Bilirubin glucuronides 
were isolated by TLC as the only reaction products 
(solvent system A, elution with MeOH or MeOH-HOAc 
9: 1). Separation of the anomeric monoglucuronides 
occurred on TLC (table 1) and the lower moving 
&anomer co-chromatographed with the natural bili- 
rubin monoglucuronide. Identical &-values were 
observed also for the diglucuronides. 
The unstable bilirubin tetrapyrroles were charac- 
terized by cleavage to dipyrrolic azopigments using 
an ethyl anthranilate diazonium reagent [ 121. Treat- 
ment of the (Y- and /3-monoglucuronide yielded an 
equimolar mixture of free azodipyrrole acid and 
azodipyrrole glucuronide. Only azodipyrrole o/3- 
glucuronide was formed from bilirubin di+.$curo- 
nide. The azodipyrrole glucuronides were isolated by 
TLC using solvent system A (elution with 2-penta- 
none and glycine buffer, pH 2.7) and esterified by 
brief treatment with diazomethane (l-3 s). The 
resulting anomeric methyl esters were separated by 
TLC with CHCla-MeOH (9: 1,2 developments). 
Whereas the lower moving anomer was identical with 
the azopigment derived from natural bilirubin 
P-glucuronides, the cw-anomer differed in RF-value 
from the previously [3,4] characterized 2-, 3- and 
4-O-acyl glucuronide methyl esters. Final confirmation 
of structure was provided by the mass spectra of tri- 
COaR’ 
b 
ORro OCO -R - COOR2 
R’O 
OR’ 
Fig.3. Monoesters (R2 = H) and diesters (R* = glucuronide 
moiety) of bilirubin and biliverdin. R = tetrapyrrole residue; 
R’ = CHMeOEt for acetal protected or H for deprotected 
glucuronides. 
Fig.4. Ethyl anthranilate dipyrrolic azopigments. A and B are 
isomeric dipyrrole halves of bilirubin or bihrubin glucuronides 
(tig.1). 
methylsilyl derivatives of azodipyrrole glucuronide 
methyl esters, showing the expected molecular ions 
at m/e 796 and 868 (two and three silyl groups) 
]3,131. 
3. Discussion 
The synthetic pathway is outlined in section 1. 
Compound 1, a mixture of diastereoisomers (fig.2), 
was prepared [9] from methyl tetra-O-acetyla or 
/I-D-glucopyranuronate via the a-l -bromo and P-1-0 
benzyl derivatives, followed by alkaline hydrolysis, 
acetal formation and hydrogenolysis. Esterification of 
compound 1 with bilirubin diimidazole yielded both 
mono- and di-1 -0acyl esters of bilirubin (fig.3). 
To avoid disproportionation during subsequent acid 
hydrolysis of acetal groups, the bilirubin esters were- 
oxidized to the corresponding biliverdin esters by 
treatment with 2,3-dichloro-5,6-di-cyano-1,4-benzo- 
quinone (DDQ). Mild acid hydrolysis yielded mono- 
and mainly di-1 -O-acyl-D-glucopyranuronic acid 
derivatives of biliverdin, present as 1: 1 anomeric 
mixtures (table 1). Bilirubin monoiy, mono-P- and 
di&glucuronides were obtained by reduction of the 
corresponding biliverdins and characterized as dipyr- 
relic azopigments (fig.4) and their methyl ester and 
silyl ether derivatives (fig.5). 
The present synthesis confirms the glucuronide 
structure recently [3,5] proposed for the major bili- 
C02R3 
OCOR’ 
Fig.5. Azodipyrrole glucuronide (R’ = azodipyrrole residue; 
RZ = R” = H), methyl ester (R* = H, R’ = Me) and methyl 
ester silyl ether (R’ = Me,,%, R” = Me). 
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rubin conjugates of human and rat bile. Appropriate 
modifications will provide access to various labelled 
derivatives and to other carbohydrate conjugates, 
which are needed for the study of hepatic transport 
and for elucidation of the enzymic mechanism of 
bilirubin conjugation. The synthetic bilirubin glucuro- 
nides can also serve as reference materials for analysis 
of conjugated bilirubin. Further efforts are now 
directed towards the specific synthesis of bilirubin 
/Lglucuronides. 
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